surrounding Phe-442 of VP16. With a series of GAL4-ORF10 fusion proteins, we mapped the ORF10 transcriptionalactivation domain to the amino-terminal region (aa 5-79). Extensive mutagenesis of Phe-28 in GAL4-ORF1O fusion proteins demonstrated the importance of an aromatic or bulky hydrophobic amino acid at this position, as shown previously for Phe-442 of VP16. Transactivation by the native ORF10 protein was abolished when Phe-28 was replaced by Ala. Similar amino-terminal domains were identified in the VP16 homologs of other alphaherpesviruses. Hydrophobic cluster analysis correctly predicted activation domains of ORF1O and VP16 that share critical characteristics of a distinctive subclass of acidic activation domains.
Transcriptional activators play an important role in the regulation of eukaryotic genes and typically contain two domains: one conferring specific association with promoter sequences, usually a DNA-binding domain, and a second domain governing transcriptional activation. Several different types of activation domains have been identified and classified on structural grounds as acidic, glutamine-rich, or proline-rich. The functional significance of these classifications, however, is unclear. Indeed, recent studies (1, 2) demonstrated that not all activation domains of a given class interact with the same target; therefore, each of these classes may include several functionally and structurally distinct subclasses.
Genetic studies demonstrated that a net negative charge is not sufficient for transcriptional activation by acidic activation domains of proteins like VP16 (3) and GAL4 (4) . Alignment of amino acid sequences of several transcriptional-activation domains also suggested the importance of bulky hydrophobic residues (3) . Detailed mutagenesis studies demonstrated that the presence of bulky hydrophobic amino acids interspersed among acidic amino acids is critical for the transcriptionalactivation ability of VP16 (5, 6) .
VP16, a prototypical acidic activator, is a component of the tegument of herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2) particles and stimulates expression of viral immediate-early (IE) genes (7) . Varicella-zoster virus (VZV) open reading frame 10 (ORF10) encodes a homolog of VP16. The ORF10 product is also a tegument protein (8) and transactivates the VZV and HSV IE promoters in transient expression assays (9) . These proteins share considerable amino acid sequence homology; however, the ORF10 protein is 80 amino acids shorter, lacking the carboxyl-terminal acidic tail known to be critical for transactivation by VP16 (10, 11) .
To define the structural basis of activation by ORF10, we used a computerized protein sequence comparison procedure termed hydrophobic cluster analysis (HCA) (12, 13) . Rather than selecting sequences according to optimal amino acid similarities, the HCA method compares clusters of hydrophobic residues presumed to constitute hydrophobic cores in globular proteins. Using HCA, we identified a motif centered at Phe-28 near the amino terminus of ORF10 protein that strongly resembles the motif surrounding Phe-442 of VP16, a residue known to be critical for the transactivating ability of the carboxyl-terminal region of VP16. Using fusion proteins bearing the DNA-binding domain of GAL4, we mapped the ORF10 transcriptional-activation domain to the amino terminal region (aa 5-79). Detailed mutagenesis studies of ORF10 support the HCA-based hypothesis that the activation domain of ORF10, like that of VP16, depends upon a specific pattern of bulky hydrophobic residues for activation of transcription. The HCA method also predicts the presence of similar domains in the amino termini of the VP16 homologs (including VP16 itself) from a number of other alphaherpesviruses. Our results demonstrate that the activation domains of VZV ORF10 and HSV-1 VP16 share critical structural features characteristic of a distinctive subclass of acidic activation domains.
MATERIALS AND METHODS
Plasmids. Plasmids expressing GAL4-ORF10 fusion proteins were constructed by ligating fragments from pMTPORFlOR (9) to plasmid pGAL4 (14) or pGAL4E (15) to maintain an open reading frame. Single amino acid substitution mutants in the activation domain of ORF10 were constructed by oligonucleotide-directed mutagenesis (as in ref. 3 ) of the EcoRI restriction fragment of GAL4-ORF10(5-79). Wild-type and amino acid substitution mutants of VP16 residues 1-25 were constructed by ligating double-stranded synthetic oligonucleotides into plasmid pGAL4.
An ORF10 amino acid substitution mutant (pCMV1OF28A) was constructed by using PCR-oriented mutagenesis (16) . The VP16 deletion mutant was constructed by digesting pCMV16 (17) HCA. The sequences of VP16 and its homologs were processed by using an HCA program provided by B. Henrissat (Centre National de la Recherche Scientifique, Universite Joseph Fourier, Grenoble, France).
RESULTS
The Amino-Terminal Region of ORF10 Protein Contains the Transcriptional-Activation Domain. To identify amino acid sequences of ORF10 that can function as transcriptionalactivation domains, portions of the ORF10 protein were fused to the GAL4 DNA-binding domain (aa 1-147). These constructs (activator plasmids) were assessed in transient expression assays for their ability to activate transcription from a reporter plasmid containing five tandem GAL4-binding sites upstream of the adenovirus ElB TATA box and the CAT gene.
Analysis of a series of GAL4-ORF10 fusion constructs showed that VZV ORF10 protein contains a potent transcriptional-activation domain near its amino terminus ( (25) . Given the recent evidence that the ORFIO protein is indeed a transcriptional activator (9), the complete amino acid sequences of ORF10 and VP16 were analyzed by using the HCA method in which the size, shape, and orientation of clusters of hydrophobic residues were compared. We identified a motif surrounding Phe-28 near the amino terminus of ORF10 that strongly resembles the motif centered at Phe-442 within the VP16 carboxyl-terminal activation domain ( Fig. 2A) . The HCA plot (Fig. 2B) indicates that both of these motifs have horseshoe-shaped arrays of hydrophobic amino acids with Phe residues at their apices. As shown clearly in the linear sequence alignment (Fig. 2C) , in both proteins, the hydrophobic residues are interspersed with numerous acidic (Asp and Glu) and potentially phosphorylated (Ser and Thr) residues.
Importance ofAromatic or Bulky Hydrophobic Amino Acids at Position 28 of ORF10 Protein. Previous studies demonstrated that mutations of Phe-442 of VP16 markedly influence transactivation level (3, 5) . Substitution of aromatic (Tyr or Trp) or bulky hydrophobic (Leu, Ile, or Met) amino acids for Phe-442 decreased but did not abolish function, while substitution with most other amino acids reduced the transactivating activity of a truncated form of VP16 by .90% (5). To assess whether an aromatic or bulky hydrophobic amino acid at position 28 of ORF10 (which aligns with VP16 Phe-442 by HCA) is also important for transactivating activity, Phe-28 was replaced with other amino acids in GAL4-ORF10(5-79) fusion proteins, and these proteins were assessed for their ability to transactivate p5GAL4-Elb-CAT. All constructs tested were shown to be expressed in transfected cells by immunoprecipitation with anti-GAL4 antibody (data not shown).
Substitution of Phe-28 with Tyr, another aromatic amino acid, or with either Leu or Ile, two bulky hydrophobic amino acids, reduced the activity of the wild-type construct by 50% (Table 1) . Substitution with smaller hydrophobic amino acids (Val, Ala, or Pro) reduced the activity by 80-90%, while substitution with hydrophilic amino acids (Ser or Thr) reduced the activity by >90%. These findings implicate an aromatic or bulky hydrophobic amino acid at position 28 as being important for the activation function of ORF10.
Residues Flanking Phe-28 Also Influence Activity. Several hydrophobic residues (Val-25, Leu-32, and Phe-33) flank Phe-28 in the horseshoe-like hydrophobic cluster (Fig. 2 ). (5) . To determine whether these residues also contribute to the activity of ORF10, site-specific mutations were made in ORF10 amino acid, retained 80% of the wild-type activity. Contrary to our expectation, substitution of Val-25 (in the horseshoe-like cluster) by Ala did not reduce activity. Each of the constructs was expressed at comparable levels in transfected cells when assayed by immunoprecipitation (data not shown). Thus, while some of the hydrophobic residues flanking Phe-28 contribute to the transactivating ability of GAL4-ORF10(5-79), other residues may not be essential for activity.
The carboxyl-terminal portion (aa 62-79) of the ORF10 transcriptional-activation domain (aa 5-79) also contains many hydrophobic residues but does not form a characteristic horseshoe-like cluster. In contrast to the hydrophobic residues that flank Phe-28, substitution of any of the hydrophobic residues in the carboxyl-terminal portion of the activation domain (Ile-65, Leu-66, Tyr-67, Leu-70, Ile-71, or Leu-74) by Ala did not reduce the activity of GAL4-ORF10(5-79) (data not shown). These results suggest that none of these hydrophobic residues is critical for the transactivating function of the domain.
A pCMV16d413-490 0.8 ± 0.1 Cells were cotransfected with plasmids expressing native ORF10 (pCMV10), an amino acid substitution mutant of ORF10 (pCMV10F28A), full-length VP16 (pCMV16), or a carboxylterminal truncation of VP16 (pCMV16d413-490) together with p62CAT (the VZV ORF62 promoter followed by the CAT gene). Fold induction is the CAT activity in transfected cell extracts relative to that obtained when using pCMV (vector control). Means and standard deviations were calculated from at least five independent transfections.
viruses. VP16 has two distinct transcriptional-activation subdomains near its carboxyl end (Fig. 2A) . The first of these subdomains surrounds Phe-442 and has been designated Hi (6) or VP16N (2) . The HCA method predicts the presence of similar subdomains in the amino-terminal region of each of the alphaherpesvirus VP16 homologs examined ( Fig. 2 A and B) . Each amino-terminal subdomain has the characteristic horseshoe-like shape of hydrophobic amino acids with a Phe residue at the apex and interspersed with acidic amino acids (Fig. 2B) . The most conserved features of this subdomain are the Phe, a subsequent Asp, and bulky hydrophobic residues three positions to the amino-terminal side and four and five positions to the carboxyl-terminal side (Fig. 2C) .
At the extreme carboxyl-terminal region (aa 452-490), VP16 has a second activation subdomain, previously designated H2 (6) or VP16C (2). The HCA method predicts the presence of similar carboxyl-terminal domains in BHV-1 UL48 and EHV-1 gene 12 proteins but not in VZV ORF10 or MDV UL48 proteins ( Figs. 2A and 3 A and B) . The five similar domains include a pattern of hydrophobic residues interspersed with acidic or polar amino acids. Both alaninescanning and random mutagenesis of the VP16C subdomain indicate that the positions in this pattern that are most conserved among the homologs are also the most critical residues in this region (P. Horn, S. Sullivan, V. Olson, and S. T., unpublished data). The extreme carboxyl-terminal domains of BHV-1 UL48 and EHV-1 gene 12 proteins are important for transactivation (31, 32) . that among the alphaherpesviruses, the HSV VP16 proteins are distinct in having a VP16N-like subdomain as part of the larger carboxyl-terminal activation domain, whereas in all other VP16 homologs, this subdomain is found near the amino terminus. Deletion mutations removing the carboxyl-terminal 80 amino acids of VP16 abolished transcriptional activation, suggesting that amino-terminal sequences of VP16 are not strong activators in the native protein (10, 11) . While HCA profiles of residues 1-40 of VP16 show little obvious similarity to the amino-terminal regions of ORF10, direct alignment of the sequences indicated some potential similarities (Fig. 4) (5), although VP16 shows a more marked preference for aromatic amino acids at this position. The critical role of Phe-28 was verified by the complete absence of activating ability by the intact ORF10 protein when Ala was substituted for Phe-28. Certain hydrophobic residues flanking Phe-28 of ORF10 also contributed to the transactivating activity, similar to the results seen with mutagenesis of residues flanking Phe-442 of VP16 (5) . These data conclusively support the HCA-based prediction that the ORF10 activation domain shares critical structural features with the VP16 carboxylterminal activation domain.
Other members of the alphaherpesvirus subfamily, BHV-1 and EHV-1, have VP16 homologs that transactivate IE promoters of their respective viruses (31, 32) . Using HCA, we located activation domains similar to VP16 and ORF10 near the amino termini of BHV-1 UL48, MDV UL48, EHV-1 gene 12, and EHV-4 gene B5 proteins. Each of these domains is characterized by a horseshoe-like hydrophobic cluster interspersed with numerous acidic residues. Although the activation domains of these proteins have not yet been thoroughly characterized, our results predict that these amino-terminal domains are important; moreover, key roles for specific amino acids can be predicted.
We identified a domain at the amino terminus of VP16 that shares some features of the VP16 carboxyl-terminal and ORF10 amino-terminal domains. This VP16 amino-terminal domain proved to be a weak transcriptional activator when fused to a heterologous DNA-binding domain; however, it is not noticeably active in the context of the native VP16 molecule. A VP16 carboxyl-terminal truncation mutant that retains the amino-terminal domain does not have transactivating activity (10, 11) . We hypothesize that the aminoterminal domains in VP16 and its homologs evolved from common ancestral domains. Unlike its homologs, however, the VP16 amino-terminal domain lost or failed to develop transcriptional-activation function during evolution because VP16 acquired a potent carboxyl-terminal activation domain.
VP16 has a second domain at its extreme carboxyl terminus that is important for transcriptional activation (2, 5, 6) and that consists of two clusters of hydrophobic amino acids with adjacent acidic residues (Fig. 3 A and B) . Similar domains that participate in transcriptional activation are located at the extreme carboxyl termini of BHV-1 UL48 and EHV-1 gene 12 proteins (31, 32) . The VZV ORF10 and MDV UL48 proteins apparently lack this domain. HCA has previously been used to compare the sequences of numerous enzyme families, as well as DNA-binding domains (33) and dimerization domains (34) of eukaryotic transcription factors. The results reported here demonstrate the value of HCA for predicting and comparing transcriptional-activation domains among groups of related proteins.
